Phosphorus homeostasis is maintained primarily by balance between the intestinal absorption of phosphorus from diet and the renal excretion of blood phosphorus into urine. A normal 70 kg adult takes in B1.6 g phosphorus per day from food and a decent amount of phosphate from food additives and preservatives. 1, 2 Approximately 40-60% of phosphorus in the food is absorbed from the intestine and the rest is excreted into feces. Phosphorus excretion into urine is B1.0 g/day and regulated to match the intestinal absorption of phosphorus in non-growing adults in the steady state, thereby maintaining a net zero balance. 3 Absorption and excretion of phosphorus and its distribution within the body is coordinately regulated by three hormones, parathyroid hormone (PTH), 1,25-dihydroxyvitamin D 3 (calcitriol), and fibroblast growth factor-23 (FGF23). 4 FGF23 functions as a phosphaturic hormone as well as a counter-regulatory hormone for calcitriol. 5, 6 FGF23 is secreted from the bone upon dietary phosphate load through mechanisms yet to be completely understood. FGF23 acts on the kidney to suppress phosphate reabsorption and calcitriol synthesis, thereby inducing a negative phosphate balance. FGF23 also acts on the parathyroid to lower PTH. 7 A critical feature of FGF23 is the fact that it requires Klotho, a single-pass transmembrane protein, as an obligate co-receptor. 8 Identification of the FGF23-Klotho endocrine axis has significantly advanced our knowledge on the phosphate metabolism and has transformed our view on phosphate: phosphate is not merely a mineral stored in the bone, but should be recognized as a critical nutrient and bioactive ligand that has tremendous impacts on our health. This review discusses new insights into the pathophysiology of chronic kidney disease (CKD) and a novel mechanism of aging prompted by the discovery of the FGF-Klotho endocrine system.
FGF23 AND KLOTHO
Klotho was originally identified as a gene inactivated in a mutant mouse that inherited a syndrome resembling human aging in an autosomal recessive manner. 9 This strain is a transgenic mouse line carrying transgene insertion at the 5 0 flanking region of the klotho gene. The transgene insertion caused extensive hypermethylation around the insertion site and silenced expression of the transgene and the neighboring klotho gene. 10 As a result, mice homozygous for the transgene (kl/kl mice) lack Klotho expression and develop complex phenotypes resembling human aging around 4 weeks of age, including growth arrest, cognition impairment, 11 hearing loss, 12 hypogonadotropic hypogonadism, 13 vascular calcification, cardiac hypertrophy, 14 emphysematous lung, 15 osteopenia, 16 ectopic calcification in soft tissues, atrophy of thymus, fat, skin, and skeletal muscle, resulting in premature death around 9 weeks of age. 9 They also exhibit a marked increase in blood phosphate, calcium, and calcitriol levels. 17 The klotho gene encodes a single-pass transmembrane protein and is expressed primarily in distal tubules in the kidney, chief cells in the parathyroid, 7 and the choroid plexus in the brain. 9 Klotho protein forms constitutive binary complexes with FGF receptors (FGFR1c, 3c, and 4) and increases their affinity selectively to FGF23. 8 Without Klotho, FGF23 cannot bind to and activate its cognate FGFRs at physiological concentrations. This explains the fact that kl/kl mice and Fgf23 À/À mice develop identical aging-like phenotypes and abnormal mineral metabolism. 18 The tissue-specific expression of Klotho explains why FGF23 can identify the kidney and parathyroid as its target organs among many other tissues expressing FGFRs. However, it remains to be determined what Klotho does in the choroid plexus and why FGF23 can regulate function of renal proximal tubules (i.e., phosphate reabsorption and calcitriol synthesis) despite its obligate co-receptor Klotho being expressed primarily in distal tubules. 19, 20 HYPERPHOSPHATEMIA AND AGING Why do defects in the FGF23-Klotho endocrine axis lead to a premature-aging syndrome? Specifically, is the prematureaging syndrome in mice lacking Klotho or FGF23 due to disturbed mineral metabolism? To address this question, several laboratories ablated calcitriol activity in kl/kl mice and Fgf23 À/À mice. The premature-aging syndrome in these mutants was ameliorated by feeding a vitamin D-deficient diet 17, 21 or by disrupting the vitamin D receptor gene 22 or the Cyp27b1 gene that encodes 25-hydroxyvitamin D-1a-hydroxylase essential for calcitriol synthesis. 23, 24 These findings indicated that vitamin D intoxication might be the cause of the aging-like phenotypes. However, these dietary and genetic interventions lowered blood calcium and phosphate levels simultaneously and were unable to specify which was guilty, calcitriol, calcium, or phosphate. Subsequently, it was reported that deletion of the type-IIa sodium-dependent phosphate co-transporter (Npt2a) gene mitigated the premature-aging syndrome in kl/kl mice. 25 Npt2a mediates renal phosphate reabsorption in proximal tubules and, when ablated, induces phosphate wasting into urine and hypophosphatemia. 26 Importantly, mice lacking Npt2a increase calcitriol synthesis in an attempt to increase intestinal phosphate absorption and compensate for the renal phosphate loss. This causes hypercalcemia, because calcitriol increases intestinal calcium absorption and renal calcium reabsorption. Thus, deletion of Npt2a lowers the blood phosphate levels but further increases the already elevated blood calcium and calcitriol levels in kl/kl mice. 27 Nonetheless, Npt2a gene knockout rescued the aging-like phenotypes, clearly indicating that it is phosphate, and not calcium or calcitriol, which is responsible for the premature-aging syndrome. This notion was further confirmed by the facts that (1) low phosphate diet lowered blood phosphate levels and rescued Fgf23 À/À mice 21 and that (2) mice lacking both Klotho and Npt2a regained aging-like phenotypes after dietary phosphate overload. 25 
CYTOTOXIC POTENTIAL OF EXTRACELLULAR PHOSPHATE
Although the mechanism by which hyperphosphatemia induces premature aging remains elusive, the fact that high extracellular phosphate is directly toxic to vascular endothelial cells may partly explain vascular senescence and calcification in CKD patients. Regular cell culture medium contains approximately 1 mM phosphate, which is equivalent to the normal human blood phosphate level. When cultured in high phosphate medium containing 1.4-2.8 mM phosphate (similar to blood phosphate levels in end-stage renal disease patients), vascular endothelial cells increase production of reactive oxygen species and eventually undergo apoptosis. [28] [29] [30] Endothelial cell death can expose underlying smooth muscle cells to the high ambient phosphate. Vascular smooth muscle cells cultured in high phosphate medium increase expression of BMP-2 (a potent osteogenic cytokine), Runx2 (a master transcription factor for osteoblast differentiation), and osteopontin, followed by phenotypic transition to osteoblast-like cells. 31, 32 This cascade of events may contribute to vascular calcification associated with hyperphosphatemia. 33 When phosphate concentrations are increased by 1-2 mM in regular cell culture medium, phosphate forms insoluble crystals with calcium. 34 This fact raised the possibility that insoluble calcium-phosphate crystals, rather than soluble phosphate, may be toxic to the cell. Several lines of evidence support this notion: first, calcium-phosphate crystals induced cellular responses mentioned above without increasing soluble phosphate concentrations. Second, these cellular responses did not occur in the high phosphate medium when calcium-phosphate crystals were removed by centrifugation or when formation of calcium-phosphate crystals were inhibited by pyrophosphate or phosphonoformic acid. [34] [35] [36] It was reported that stimulation of vascular smooth muscle cells with calcium-phosphate crystals rapidly increased the intracellular calcium concentration and induced apoptosis, which was attenuated by pre-treatment of the cells with an inhibitor of the lysosomal proton pump. These observations suggest that calcium-phosphate crystals are endocytosed and targeted to the lysosome, where they dissolve under the acidic environment, leak as free calcium into the cytosol, and induce apoptosis. 36 
CALCIPROTEIN PARTICLES (CPPs)
Formation of calcium-phosphate crystals is a physicochemical process that occurs when concentrations of calcium and phosphate exceed the solubility limit (or the formation product). This process is referred to as nucleation. After nucleation, calcium-phosphate crystals undergo phase transformation among CaHPO 4 (monetite), CaHPO 4 Á 2H 2 O (brushite), Ca 4 H(PO 4 ) 3 (octacalcium phosphate or OCP), Ca 9 (PO 4 ) 6 (amorphous calcium phosphate or ACP), and Ca 10 (PO 4 ) 6 (OH) 2 (hydroxyapatite or HA). 37 The phase transformation is affected by various factors besides calcium and phosphate concentrations, including ionic strength, pH, temperature, and incubation time. Under biologically relevant conditions, the initial phase is monetite and brushite, which grow in size to become OCP, ACP, and HA over time and eventually precipitate. 38 Serum strongly inhibits growth (but not nucleation) of calcium-phosphate crystals. Immediately after nucleation, mineral-binding proteins in the serum such as fetuin-A sequester the crystals while they are still very small (o1 nm in diameter) and inhibit their growth. 39 The calcium-phosphate crystal-laden fetuin-A molecules aggregate to form nanoparticles (50-100 nm in diameter), which are called primary CPPs. Primary CPPs are subject to a topological rearrangement to turn into a stable structure, in which a densely packed fetuin-A monolayer covers a mineral core, thereby preventing further crystal growth. 40, 41 These particles are referred to secondary CPPs (100-200 nm in diameter). CPPs exist as colloids and do not precipitate spontaneously. 42 Thus, formation of CPPs can be regarded as a defense mechanism against precipitation of solid-phase calcium-phosphate in the blood, urine, and soft tissues. In fact, fetuin-A knockout mice suffer from severe ectopic calcifications all over the body. 43 CPPs are generated in high phosphate medium containing serum and responsible for the phenotypic transition of vascular smooth muscle cells to osteoblast-like cells. 34 It is possible that many other reported effects of high phosphate medium on various types of cells may actually be attributed not to soluble phosphate but to CPPs. Indeed, Khoshniat et al. 44 reported that induction of mineralization-associated gene expression (e.g., osteopontin, matrix gla protein) in cultured osteoblasts by high phosphate medium never occurred in the absence of extracellular calcium and in the presence of an inhibitor for calcium-phosphate crystal formation (phosphocitrate). They observed calcium-phosphate nanoparticles (most likely CPPs) in the high phosphate medium but not in the calcium-free or phosphocitrate-containing high phosphate medium. However, CPPs did not need to enter the cell but required intact lipid rafts on the cell surface to induce expression of osteopontin. These observations suggest that, unlike inorganic calcium-phosphate crystals, CPPs may not necessarily enter the cell but can transmit signal through machinery localized in the lipid raft on the cell surface to induce the cellular responses. More recently, it was reported that synthesized CPPs, when injected into mice, were cleared from the blood by Kupffer cells in the liver through phagocytosis via class A scavenger receptors (SR-A), 45 indicating that SR-A can function as a clearance receptor for CPPs. It remains to be determined whether SR-A also functions as a signaling receptor for CPPs.
CPPS IN CKD
Are CPPs merely an experimental artifact generated in high phosphate medium or indeed present in vivo? Recent studies have demonstrated that CPPs circulate in the blood of CKD patients and animals but not in the blood of normal subjects. [46] [47] [48] These studies isolated CPPs from the blood by sequential centrifugation: first, serum was prepared from clotted blood by a standard condition (centrifugation at 3000 g for 10 min). As CPPs are nanoparticles existing as colloids, they never precipitated under this condition and stayed in the serum. Next, the serum was centrifuged at a higher speed (16,000-22,000 g) for a longer time (2 h) to precipitate CPPs. CPPs in the pellet were dissolved with EDTA or acid and then subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis for quantification of fetuin-A. Alternatively, serum CPP levels were measured as the difference between the serum fetuin-A levels before and after the high-speed centrifugation using enzyme-linked immunosorbent assay.
Serum CPP levels increased with CKD progression. 46 Furthermore, serum CPP levels were independently correlated with serum phosphate, C-reactive protein (systemic inflammation), oxidized low-density lipoprotein, and BMP-2/7 ratio, and inversely correlated with estimated glomerular filtration rate (eGFR). 48 Oxidized low-density lipoprotein and the BMP-2/7 ratio are thought to represent propensity for vascular calcification, because oxidized low-density lipoprotein induces expression of BMP-2 that promotes osteogenic transition in vascular smooth muscle cells, whereas BMP-7 inhibits it. Indeed, vascular stiffness and calcification as determined by aortic pulse wave velocity and coronary artery calcification scores, respectively, were positively correlated with serum CPP levels. 46, 48 In addition, appearance of CPPs precedes increase in the aortic calcium content and vascular calcification in a rat CKD model. 47 Taken together, the hypothesis that CPPs has a pathogenic role in vascular calcification in CKD should be further evaluated.
DIETARY PHOSPHATE OVERLOAD AND KIDNEY DAMAGE
It has been known that oral phosphate overload can induce de novo CKD in normal animals 49 and humans. 50 The degree of kidney damage depends not only on the amount of phosphate load but also the nephron number. Specifically, by combining partial nephrectomy and diets containing different amounts of phosphate, Haut et al. 51 changed phosphate excretion per nephron as an independent variable and observed a positive correlation with the severity of histological kidney damage, which was characterized by tubulointerstitial lesions including interstitial fibrosis, interstitial cell infiltration, interstitial edema, tubular atrophy, and tubular dilatation, but no glomerular changes. Namely, 51 Assuming 3 Â 10 4 nephrons per kidney, phosphate excretion per nephron is estimated at 0.5, 1.2, or 2.5 mg/day, respectively. The linear correlation between the dietary phosphate content and the urinary phosphate excretion indicates that no effective regulatory mechanism exists by which excess phosphate intake suppresses intestinal phosphate absorption. In other words, the phosphate balance upon dietary phosphate overload is mainly maintained not at the level of intestinal absorption but at the level of renal excretion, which justifies the assumption that the urinary phosphate excretion correlates with the dietary phosphate intake. Thus, dietary phosphate overload increases phosphate excretion per nephron and can induce tubular damage. It is likely that such tubular damage may eventually reduce the nephron number, thereby forming a vicious cycle leading to progressive tubular damage unless phosphate intake is reduced. The equation above also predicts that individuals with reduced nephron number (e.g., CKD patients and the aged) should reduce phosphate intake accordingly to prevent tubular damage. Notably, there was no correlation between the tubular damage and the blood phosphate level: normal rats placed on high phosphate diet developed tubular damage without a significant increase in the blood phosphate level. 51 Unless renal function is critically impaired, dietary phosphate overload never causes persistent hyperphosphatemia, because the kidney excretes excess phosphate into urine and maintains the phosphate balance. Thus, dietary phosphate overload increases phosphate levels not in the blood but in the urine (more precisely, in the tubular luminal fluid). Measurement of the tubular luminal fluid composition by micropuncture in rats indicated that calcium and phosphate concentrations likely exceeded the formation product in the proximal tubule upon dietary phosphate overload, 52, 53 suggesting that nucleation and possibly CPP formation could occur in the proximal tubular lumen. 53 In cultured renal epithelial cells, exposure to calcium-phosphate crystals can induce oxidative stress and cellular damage. 54 Thus, formation of cytotoxic CPPs in the tubular lumen may contribute to the tubular damage. In further support of this notion, administration of a bisphosphonate (etidronate) alleviated the tubular damage induced by phosphate load in rats. 51 Bisphosphonates have been used for the treatment of osteoporosis because of their activity that kills osteoclasts. 55 Besides this biological activity, bisphosphonates have a chemical activity as pyrophosphate analogs that inhibit nucleation of calcium-phosphate crystals at very low concentrations. 56 As bisphosphonates are not metabolized and excreted into urine unchanged, etidronate may inhibit CPP formation in the tubular lumen.
When phosphate excretion per nephron exceeds B1 mg/day, tubular damage occurs in rats. 51 Although it remains to be determined whether this threshold is applicable to other species, it is informative to estimate phosphate excretion per nephron in humans. A normal adult excretes B1 g/day of phosphate into urine. 3 Assuming 1 Â 10 6 nephrons per kidney, 57 phosphate excretion per nephron is estimated at 0.5 mg/day. Thus, a 50% decrease in nephron number by CKD and/or during the normal aging process is sufficient to increase phosphate excretion per nephron beyond 1 mg/day, which potentially causes tubular damage and interstitial fibrosis. In fact, renal fibrosis is universally observed not only in CKD patients but also in the aged without overt CKD. 58 On the other hand, living kidney donors, whose phosphate excretion per nephron should be around 1 mg/day, show no increase in mortality or end-stage renal disease in the long term 59 despite significant decrease in GFR 60 and increase in blood FGF23 levels. 61 Although no substantial data on renal histology of living kidney donors is available, it is possible that the threshold of phosphate excretion per nephron for tubular damage may be higher than 1 mg/day in humans. This may be partly because normal adults have lower calcium excretion per nephron than the normal rats (B0.075 mg/day 62 vs. B0.105 mg/day 51 ).
PHOSPHATE OVERLOAD AND THE FGF23-KLOTHO SYSTEM
There are two possible ways to increase phosphate excretion into urine: one is to increase the volume of ultrafiltered plasma by increasing GFR (hyperfiltration). The other is to increase the fractional excretion of phosphate (FEp). Unlike healthy people, CKD patients are not always capable of increasing GFR but can increase FEp to maintain phosphate balance. 63 The increase in FEp is primarily attributed to increased serum FGF23 in early stage CKD. PTH also has phosphaturic activity and is increased in CKD, however, PTH may not contribute substantially to the increase in FEp, at least in early stage CKD. This notion is based on the following findings: first, epidemiological studies showed that the increase in FGF23 and FEp preceded the increase in PTH during CKD progression. 64 Second, animal experiments showed that the high PTH in CKD was secondary to low calcitriol caused by high FGF23. 65 These experiments used CKD rats that exhibited high FEp associated with high FGF23, high PTH, low calcitriol, and normal phosphate in the blood. In these rats with moderate CKD, FGF23 activity was blocked by injection of an anti-FGF23 neutralizing antibody. The inhibition of FGF23 activity reduced FEp and increased blood phosphate and calcitriol levels within 24 h, whereas PTH remained high for 24 h and then decreased thereafter. These observations indicate that high FEp in early stage CKD is likely due to high FGF23 but not due to high PTH and that the high PTH is a feedback response to low calcitriol caused by high FGF23.
FGF23 is a hormone that increases phosphate excretion per nephron by increasing FEp. Provided that FGF23 is primarily responsible for the maintenance of phosphate homeostasis in early stage CKD, it is conceivable that the blood FGF23 level may correlate with, and therefore, serve as a surrogate marker for phosphate excretion per nephron. This notion is supported by the facts that (1) blood FGF23 levels increase when dietary phosphate intake is increased but not when the blood phosphate level is increased by bolus intravenous phosphate injection [66] [67] [68] and that (2) the blood FGF23 level increases as the nephron number decreases with age and CKD progression. 64, 69 However, the correlation between FGF23 and phosphate excretion per nephron may be blunted among healthy people whose nephrons are not operating with full throttle but still holding the spare capacity to increase single nephron GFR in response to the demand to increase phosphate excretion per nephron. In such population, phosphate excretion per nephron can be increased not only by increasing FEp with FGF23 but also by increasing GFR (hyperfiltration), which may explain why some clinical studies failed to detect a significant correlation between FGF23 and phosphate intake in healthy people. 70 Thus, the equation can be modified as follows, which may be applicable to patients with decreased GFR (CKD stages 2 and higher): The rationale of the phosphate-lowering therapy has been the theory that hyperphosphatemia causes vascular calcification and increases cardiovascular events. This theory justifies the use of phosphate binders only for CKD patients with hyperphosphatemia, which account for only B0.3% of the total CKD patient population. 71, 72 Naturally, the therapeutic goal is to lower blood phosphate levels. 73 This current paradigm may be challenged, provided that the equation above is proven applicable not only to rodents but also to humans. The new paradigm for phosphate restriction would be as follows: regardless of the blood phosphate level, phosphate restriction should be started when the blood FGF23 level begins to rise, because this is a sign of excess phosphate intake relative to the residual nephron number and increased risk for CPP formation in the tubular lumen. The primary purpose of phosphate restriction at this stage is to prevent tubular damage and delay CKD progression but not to prevent vascular calcification per se. The therapeutic goal is not to lower the blood phosphate level but to lower the blood FGF23 level, a surrogate marker for phosphate excretion per nephron. This new paradigm justifies phosphate restriction for CKD patients with high blood FGF23 levels, which are observed as early as stage 2 [ref. [64] ] and account for B35% of all CKD patients together (Table 1) . 71 The equation above, if proven, also makes it possible to monitor CKD progression not by GFR but by the residual functional nephron number: measure the blood FGF23 level regularly. If FGF23 is increased, measure the 24-h urine phosphate. If it is also increased, excess phosphate intake is suspected, but not decrease in the nephron number.
If the 24-h urine phosphate is not increased, however, the increase in FGF23 means decrease in the nephron number or progression of CKD, even if GFR may not be decreased. In either case, phosphate restriction should be enhanced by dietary counseling and/or by increasing the dose of phosphate binders.
New designs are needed for clinical studies to verify these new paradigms, because the existing clinical studies on dietary phosphate intake and blood FGF23 have not measured histological kidney damage as an outcome. In addition, there is a fundamental limitation in the estimation of dietary phosphate intake. The daily phosphate intake can be most accurately estimated by measuring the 24-h urine phosphate. However, it has rarely been used in large-scale epidemiological studies because of practical difficulty. Instead, the '24-h recall' method has been used, which is unacceptably inaccurate because of at least three reasons: first, this method estimates dietary phosphorus intake based on interview with the participants for what they ate in the past 24 h, which inevitably entails intentional and unintentional errors. Second, a large amount of phosphate added to processed foods as additives and preservatives is not included, which potentially increases phosphorus intake by as much as 1.0 g/day 2 . This is because current regulations do not require the amount of phosphate-containing food additives to be listed in the Nutrition Facts label. Finally, dietary phosphorus intake does not necessarily correlate with the amount of phosphate actually absorbed from the intestine. Phosphorus in natural foods exists mainly as various forms of organic phosphate and their bioavailability varies from 0 to 60%. 74 Of note, phosphorus in plants is not absorbed as effectively as that in meats, which explains why in CKD patients vegetarian diet reduces blood FGF23 levels more effectively than meat diet with equivalent phosphorus content. 75 In contrast, phosphorus in food additives is in the form of inorganic phosphate and 100% is absorbable. Thus, dietary phosphorus intake does not tell us how much phosphate is actually absorbed from the intestine. Considering these fundamental limitations, any conclusions drawn from the phosphorus intake data using the 24-h recall method should be carefully interpreted and re-evaluated.
CONCLUDING REMARKS
This review has focused on the hypothesis that excess phosphate intake relative to the residual functional nephron number leads to FGF23 increase and may be a trigger of CKD initiation and progression. FGF23 reduces serum calcitriol and can result in two adverse outcomes: increase in PTH (secondary hyperparathyroidism) and decrease in Klotho expression. 4 A decrease in Klotho can induce FGF23 resistance and further increase FGF23, thereby forming a self-aggravating deteriorating spiral of decreased Klotho and increased FGF23. To interrupt this vicious cycle, stimulation of Klotho expression using calcitriol and/or proliferatoractivated receptor-g agonists may be of therapeutic potential besides phosphate restriction.
In the 1980s, the smallest life form called 'nanobacteria' was reported as self-propagating particles residing in serum, urine, and tissues of animals and humans. 76, 77 Nanobacteria were thought blood-born infectious agents causing vascular calcification, kidney stones, and renal tubular damages. 78 However, recent studies have provided unequivocal evidence showing that nanobacteria are not living entities but nanoparticles composed of calcium-phosphate crystals and fetuin-A, [79] [80] [81] [82] which are identical with CPPs. On the other hand, the fact that dietary phosphate overload induces renal tubular injury and interstitial fibrosis has been pointed out since the 1930s. 49 By revisiting these decade-old pioneering observations in the light of the FGF23-Klotho system, novel hypotheses on the pathophysiology of CKD and new paradigms for the diagnosis and treatment of CKD patients have emerged. Clinical studies to verify these paradigms require non-invasive assessment of tubular injury and interstitial fibrosis. It was recently reported that diffusionweighted magnetic resonance imaging was useful for detecting renal fibrosis in a sensitive and quantitative manner in mice. 83, 84 If validated in humans as well, diffusionweighted magnetic resonance imaging, which has been widely used for detecting brain damage, may be applied for detecting kidney damage to complement renal biopsy.
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